In this paper we evaluate homeosis and Homeotic Complex (Hox) regulatory hierarchies in the somatic and visceral mesoderm. We demonstrate that both Hox control of signal transduction and cell autonomous regulation are critical for establishing normal Hox expression patterns and the speci®cation of segmental identity and morphology. We present data identifying novel regulatory interactions associated with the segmental register shift in Hox expression domains between the epidermis/somatic mesoderm and visceral mesoderm. A proposed mechanism for the gap between the expression domains of Sex combs reduced (Scr) and Antennapedia (Antp) in the visceral mesoderm is provided. Previously, Hox gene interactions have been shown to occur on multiple levels: direct cross-regulation, competition for binding sites at downstream targets and through indirect feedback involving signal transduction. We ®nd that extrinsic speci®cation of cell fate by signaling can be overridden by Hox protein expression in mesodermal cells and propose the term autonomic dominance for this phenomenon. q
Introduction
The goal of this study is to provide further insight into the role of the Homeotic gene complex (Hox) in the speci®ca-tion of segmental identity in the mesoderm. This genetic complex consists of two gene clusters on the third chromosome; the Antennapedia Complex (ANT-C) (Kaufman et al., 1979) and the Bithorax-Complex (BX-C) (Lewis, 1978) . These Hox genes encode transcription factors that directly regulate other genes through the DNA binding homeodomain and thus can affect cellular fate autonomously (Gehring et al., 1994) . Some studies indicate that Hox genes specify segmental identity in the somatic mesoderm strictly cell autonomously (Michelson, 1994) . However, identi®ed targets of the Hox proteins also include loci involved in cell-cell communication (see Massague et al., 1997; Bienz, 1996 ; for reviews). Hence, a dissection of the mechanisms by which the Hox genes determine segmental identity requires that one consider both direct cell autonomous transcriptional regulation and intercellular communication due to signal transduction (Grieg and Akam, 1993) . Consequently, this study of the mesoderm includes a consideration of Hox expression and effects from other germ layers as well.
The genetic organization of the Homeotic Complex is characterized by a model of co-linearity such that the chromosomal positions of the genes lie in the same order as the body segments they specify (Harding et al., 1985; Kaufman and Abbott, 1984; Lewis, 1978) . This structure is conserved in all animals thus far examined (McGinnis and Krumlauf, 1992; Randazzo et al., 1991) . In Drosophila, the co-linear expression pattern displays a segmental shift between germ layers, e.g. the Hox expression domains are shifted more posteriorly in the underlying visceral mesoderm compared to ectodermal and somatic mesodermal tissues (Bate, 1993; Hooper, 1986; Kaufman et al., 1990; Mahaffey et al., 1989; Mahaffey and Kaufman, 1987; Martinez-Arias et al., 1987; Tremml and Bienz, 1989a) . The genesis of this shift is due, in part, to morphogenesis and occurs prior to stage 14 (Miller et al., 2001) . This shift allows the demonstration of Hox gene interaction across these germ layers, through the regulation of signal transduction genes.
Hox gene expression patterns are established in part by the segmentation genes (see Pankratz and Jaeckle, 1993 for a review) and subsequently maintained by the Polycomb (Pc-G) and trithorax group (trx-G) genes (see Kennison, 1995; Paro, 1995 ; for reviews). Their expression patterns are also regulated by direct cross-regulatory interactions between the genes (Hafen et al., 1984; Harding et al., 1985) . These regulatory hierarchies have been demonstrated in Drosophila melanogastor genetically (Kaufman et al., 1979; Lewis, 1978; Struhl, 1982) and later de®ned by molecular analyses (Hafen et al., 1984; Harding et al., 1985; Sanchez-Herrero et al., 1994) . A generalized model of Hox interactions that includes vertebrates, is de®ned as posterior prevalence' indicating the dominant functional character of the more posteriorly expressed genes over the anterior members of the complex . This hierarchy can be broken up into two mechanistic components:`posterior dominance' and`phenotypic suppression'. Posterior dominance indicates the transcriptional repression of an anteriorly expressed Hox gene by a more posteriorly expressed one (Carroll et al., 1986; Hafen et al., 1984; Harding et al., 1985; Struhl and White, 1985; Wedeen et al., 1986) . Phenotypic suppression denotes the post-translational override of an anterior homeotic protein by a more posteriorly expressed one, when they are coexpressed (Gibson and Gehring, 1988; Gonzalez-Reyes and Morata, 1990; Harding et al., 1985; Kuziora and McGinnis, 1988) . This latter type of interaction is attributed to binding site competition at target genes (Bachiller et al., 1994; Castelli-Gair et al., 1994; Ekker et al., 1994; Harding et al., 1985; Lamka et al., 1992) . However, these regulatory hierarchies fail to consider signal transduction effects which are responsible for feedback regulation across segments and germ layers (Bienz, 1996; Szuts et al., 1998) . Indeed, understanding the inductive in¯uences (signal transduction) governed by the Hox genes is critical to an understanding of segmental speci®cation in the somatic mesoderm (sm). This tissue is patterned in part by signal transduction from ectodermal tissues as well as from within the mesoderm (Bate and Baylies, 1996; Bienz, 1996; Gurdon et al., 1993; Roy et al., 1997) . For example, wg and vein are members of the Wnt and TGF-a signal transduction gene families, respectively, which are involved in muscle pattern speci®cation and morphogenesis of the sm (Rijsewijk et al., 1987; Schnepp et al., 1996; Siegfried and Perrimon, 1994; Yarnitzky et al., 1997) . Both genes have also been shown to affect myoblast migration and attachment to the apodeme at the cuticle (Volk and VijayRaghavan, 1994; Yarnitzky et al., 1997) . The role of signal transduction within the visceral mesoderm (vms) is also well documented. In addition to wg and vein, the TGF-b signal transduction family member decapentaplegic (dpp), is also a critical player in maintaining Hox boundaries and morphology in the vms (reviewed by Bienz, 1996 Bienz, , 1998 . The mesodermally expressed Hox genes Ubx and abd-A control the expression of the Hox gene labial (lab) in the endoderm through signal transduction (Bienz, 1996) . Early endodermal lab expression is initiated during invagination at the stomodeum and proctodeum (Chouinard and Kaufman, 1991; Diederich et al., 1989; Immergluck et al., 1990) . However, this early expression is non-nuclear and demonstrates no mutant phenotype. Later in development, lab expression is necessary for its own autoregulation and copper cell determination in the endoderm (Chouinard and Kaufman, 1991; Grieder et al., 1997; Hoppler and Bienz, 1994; Tremml and Bienz, 1992) . This later endodermal patterning appears to be dictated by the Hox genes through signaling cascades originating from the vms and possibly other tissues (Bate and Baylies, 1996; Miller et al., 2001) . Speci®cally, lab expression in the endoderm is induced from the mesoderm, utilizing dpp, wg, and vein and normal levels of lab expression require the activity of all three pathways (Eresh et al., 1997; Szuts et al., 1998; Yu et al., 1996) .
Hox proteins directly regulate signal transduction agonist expression which are involved in autogenous and crossregulation of these Hox genes (Appel and Sakonju, 1993; Bienz and Tremml, 1988; Bilder et al., 1998; Chen et al., 1998; Chouinard and Kaufman, 1991; Gindhart et al., 1995; Gonzalez-Reyes et al., 1992; Gorman and Kaufman, 1995; Hoppler and Bienz, 1994; Hursh et al., 1993; Jack et al., 1988; Johnston, 1998; Johnston and Schubiger, 1996; Kuziora and McGinnis, 1988; Muller et al., 1989; Riese et al., 1997; Szuts et al., 1998; Tremml and Bienz, 1992; Wharton et al., 1999; Yu et al., 1996 Yu et al., , 1998 ). These ®ndings demonstrate how signal transduction feedback through diffusible agonists stimulates transcription factors to localize to the nucleus where they directly activate or repress a target Hox genes and thereby maintain these same signal transduction domains.
The present analysis relies primarily on observations in the embryonic mesoderm utilizing controlled expression of the Hox proteins with the yeast Gal4 transcriptional activation system (Brand and Perrimon, 1993) . The ventral musculature of the sm provides an simple model for evaluating homeosis or changes in segmental identity (Bate, 1993) , while Hox gene expression patterns in the vms simpli®es the analyses of cross-regulatory interactions as well as signal transduction pathway domain regulation (Bienz, 1994) . The data obtained are correlated with mutant analyses in order to elucidate how Hox genes utilize both signal transduction and direct transcription regulation to specify the segmental identity of mesodermal tissues.
Results
Ectopic embryonic mesodermal expression by the yeast Gal4 transcriptional activation system was accomplished using two Gal4 drivers; P{w 1mW.hs GawB}24B (Brand and Perrimon, 1993) and P{w 1mC GAL4-twi.G}108.4 (Grieg and Akam, 1993) . We used the following previously described Gal4 dependent responder constructs encoding 
Ectopic mesodermal expression using the yeast Gal4 transcription activation system
The expression patterns for 24B .Scr embryos are shown for stages 11 and 14 (Fig. 1A,B, respectively) . Arrows mark undifferentiated mesoderm in Fig. 1A , whereas; in Fig. 1B we ®nd differentiated somatic mesoderm (sm; outer) and visceral mesoderm (vms; inner). Note the native ectodermal Scr protein accumulation seen in the central nervous system (C) and labial (L) segments ( Fig. 1) . Fig. 1C also shows the native Scr expression in parasegment 4 (ps4; arrowheads) of the vms in a wildtype stage 14 embryo.
With the exception of Ubx and Abd-A, accumulation of the Hox proteins in the mesoderm is associated with postembryonic lethality and cuticular phenotypes that are similar. Animals reach the end of 1st and 2nd larval instars, partially duplicate their mouth parts and then fail to moult to the next instar. There are no other obvious segmental defects seen in the cuticular preparations. However, 24B .Ubx and 24B .Abd-A animals exhibit embryonic lethality and have defects in the formation of the cephalopharyngeal skeleton and a clear transformation of the posterior pharyngeal wall to an abdominal character. Two distinct rows of abdominal denticles are found on this structure (not shown). Since this portion of the mouth parts is ectodermal in origin it would appear that the 24B associated mesoderm' enhancer is not tightly regulated and there is some expression in portions of the gnathal ectoderm (intercalary segment) as has been previously concluded (Michelson, 1994) . However, we see no evidence of this particular cephalic transformation associated with ectopic ectodermal Ubx and Abd-A proteins (unpublished observation) indicating that this phenotype may be associated with ectopic mesodermal expression and signal transduction.
2.2. Hox expression is absent in the ventral somatic mesoderm (sm) of the mesothorax (T2) indicating a role for inductive speci®cation from other tissues Previous reports indicated that the T2 segment is speci®ed by signal transduction from the epidermis (Gurdon et al., 1993; Roy et al., 1997) . In order to test this hypothesis, we expressed nuclear localized LacZ in the mesoderm with the P{w 1mC UAS::N.LacZ} Gal4 dependent responder construct in combination with the mesodermal P{w 1mC GAL4-twi.G}108.4 driver (Grieg and Akam, 1993) . These embryos were then stained simultaneously with antisera against b-galctosidase (red) and Scr (green) or Antp (green) to monitor co-expression in the sm. In Fig. 2A , embryos show Hox/twi .LacZ co-expression (yellow) throughout the T1 and T3 sm but not in the T2 segment (arrow). In the T2 segment, we only see twi .LacZ accumulation (red) in nearly all the ventrally located sm cells (arrows, Fig. 2A ,B) but no Hox accumulation (green) (arrow, Fig. 2C ). We do ®nd co-expression of Hox and LacZ (yellow) in the dorsal/lateral cells and one ventral cell of the T2 sm (small arrowheads) shown in Fig. 2A . Hox expression (green) in the sm in shown in Fig. 2C where see a gap between Scr and Antp expression in the ventral sm (arrow). Also in Fig. 2C , notice the gap of Hox expression in the CNS (large arrowhead), as previously reported (Kaufman et al., 1990; Riley et al., 1987) . 2.3. Ectopic Hox protein expression in the mesoderm produces homeosis of the embryonic body wall musculature (sm)
We studied the effects of ectopic Hox protein accumulation in the sm by staining 24B .Hox embryos with antisera to mesodermal speci®c b-tubulin 60C (Kimble et al., 1989) . The results of these stainings are shown in Fig. 3 . Wild-type segmental identities of the trunk sm are distinguishable by the stereotypical muscle patterns of the ventral projections (Bate, 1993) . The prothorax (T1) exhibits an anterior ventral projection (AV) consisting of four ventral intersegmental muscles. The mesothorax (T2) has only one ventral oblique muscle (VO2). The metathorax (T3) has a small posterior ventral projection (PV) made up of a ventral acute and two ventral oblique muscles. The abdominal segments show a characteristic pattern of PVs consisting of the three ventral acute and three to four ventral oblique muscles.
The 24B .Lab embryo in Fig. 3A shows the normal pattern of muscle development with no apparent homeotic transformations. 24B .Pb animals (Fig. 3B ) exhibit a transformation of the T2 segment with an ectopic PV (T3-like) in addition to an occasional ectopic AV (T1-like). Sometimes, this genotype is missing the VO2 normally found in T2. 24B .Dfd embryos (Fig. 3C) show an ectopic AV in T2, and occasionally in T3 (not shown), typical of the T1 segment. These embryos often show an absent VO2 in T2 as well as reduced PVs in T3 and A1, also indicative of a transformation towards T1. The 24B .Scr embryo (Fig.  3D ) also shows repressed PVs in T3 and A1 and an absent VO2 in T2. Occasionally, these animals produce ectopic AVs in T2 and T3 (not shown), which exempli®es T1 character. Surprisingly; 24B .Dfd and Scr embryos occa- sionally produce an ectopic PV in T2 indicating T3 identity (not shown). As previously reported, 24B .Antp animals ( Fig. 3E ) exhibit modest PVs in the T1 and T2 segments, suggesting T3 identity (Roy et al., 1997) and may also exhibit some AV character in the T2 segment. In 24B .Ubx embryos (Fig. 3F ) we see prominent PVs in the entire thorax indicating a partial transformation towards abdominal identity (see also Hooper, 1986; Michelson, 1994; Michelson et al., 1990) . The penetrance of homeotic transformations in the thorax, caused by ectopic Hox proteins, increases in a co-linear fashion with no effect from ectopic Lab protein increasing to nearly all embryos expressing the Ubx protein (i.e. Lab , Pb , Dfd , Scr , Antp , Ubx). A complete analysis of dorsal/lateral body wall and mouth-part associated muscles was not included in this study.
In general, 24B .Hox ectopic expression follows the predictions of phenotypic suppression except in the thorax. The abdominal segments are not transformed by ectopic anterior Hox proteins (except on rare occasions for A1). For example, 24B .Dfd embryos demonstrate no homeosis in the abdomen (Fig. 3C ). These embryos have co-accumulation of Dfd and Ubx/Abd-A in these segments; yet the muscle patterns are normal. This illustrates phenotypic suppression since the`posterior' native Hox proteins (Ubx/Abd-A) dictate the segmental identity in the presence of Dfd. Nevertheless, we observe frequent homeotic transformations of the ventral thoracic muscles caused by the ectopic accumulation of Hox proteins normally expressed more anteriorly (e.g. Pb, Dfd and Scr frequently demonstrate a T1 pattern in T2). In fact, we ®nd that all ectopic Hox proteins (except Lab) transform the ventral muscles of the mesothoracic segment (T2). These results appear to demonstrate exceptions to the model of posterior prevalence in the ventral sm of the T2 segment. However, this does not take into account extrinsic speci®cation of this tissue through signal transduction by normal Hox gene expression elsewhere (Gurdon et al., 1993; Roy et al., 1997) .
2.4. Cross-regulation of Hox genes in the midgut mesoderm demonstrate posterior dominance Scr, Antp, Ubx and abd-A are normally expressed in the vms where they are necessary for midgut morphogenesis (Bate, 1993; Bienz, 1994; Tremml and Bienz, 1989a,b) . We investigated the effects of ectopic mesodermal expression of Hox proteins on the resident Hox genes in the vms. 24B .Hox embryos were stained with antisera to Scr, Antp, Ubx and Abd-A. 24B .Lab, Dfd and Scr showed no changes in resident vms Hox expression patterns, as exempli®ed by 24B .Lab (Fig. 4A±D ). On the other hand, 24B .Antp represses Scr expression but has no effect on Ubx and abd-A (data not shown). Whereas, 24B .Ubx represses both Scr and Antp, leaving abd-A unaffected (Fig. 4E±H) .
Thus 24B .Hox ectopic expression in the vms demonstrates Hox cross-regulatory interactions that follow the predictions of posterior dominance. For example, ectopic Hox protein accumulation by 24B .Lab does not alter the wild-type expression patterns of Scr, Antp, Ubx and abd-A in the vms (Fig. 4A±D) . Since lab is the more`anterior' gene, this is the predicted result. Similarly, 24B .Scr and Dfd do not alter established Hox gene expression domains in the midgut vms (data not shown). However, 24B .Antp and Ubx repress the Hox genes with more anterior domains (Scr; (Scr and Antp), respectively) in the midgut vms (Fig.  4E,F,H) . These results are all consistent with posterior dominance.
Patterns of lab expression in the endoderm associated with ectopic accumulation of Hox proteins
24B .Hox embryos were stained with antisera against Lab to monitor the induction of lab in the endoderm. During normal embryogenesis, lab expression is initiated in the anterior midgut (amg) and posterior midgut (pmg) primordia as they migrate through the stomodeal and proctodeal invaginations, respectively. Later (stage 12) these primordia fuse at the ventral midline to establish the midgut endoderm. 24B .Hox embryos show no alterations in these early lab cell expressions and migrations (not shown). 24B .Pb, Dfd and Scr fail to show altered lab expression by stage 14 or later, as shown for 24B .Scr (Fig. 5A,B) . In these embryos we see wild-type lab protein accumulation patterns, even in later developmental stages. However, the 24B .Antp combination produces an anterior expansion of endodermal lab expression from ps3, at the gastric caecae (arrow), through ps7 with a distinct gap at ps4 (Fig. 5D,E) . Similar to previous results, 24B .Ubx expression induces ectopic anterior endodermal lab expression continuously from ps3 through ps7 as seen in Fig. 5G ,H Immergluck et al., 1990; Michelson, 1994; .
The expression of endodermal lab in the amg and pmg primordia arises through the activity two separate enhancers (Chouinard and Kaufman, 1991) . The response of these two enhancers to ectopic mesodermal Hox protein expression was followed using LacZ fusion constructs. Embryos were stained with antisera to b-galactosidase while midgut morphology (constriction formation) was monitored. The activation of the pmg enhancer cloned from the ®rst intron, was monitored with the P{w 1mW.hs , 7.6lab::LacZ} reporter construct (ibid). Expression from this pmg enhancer reporter was independent of all ectopic Hox expression tested in this study (data not shown). Regulation of the lab amg enhancer by 24B .Hox expression was monitored with the P{w 1mW.hs , 7.0lab::LacZ} amg reporter construct (ibid), which utilizes the lab promoter. A similar construct that uses the minimal heat shock protein 70 (hsp70) promoter, P{w 1mW.hs , 1.2lab::LacZ} (henceforth called lab-LacZ) gave identical results to P{w 1mW.hs , 7.0lab::LacZ}. The normal expression pattern for this amg enhancer element is exempli®ed by the 24B .Scr embryo seen in Fig. 5C . This midgut expression mimics endodermal Lab accumulation at ps7 from the resident lab gene (Fig. 5A,B) . Surprisingly, lab-LacZ expression in 24B .Antp embryos (Fig. 5F ) does not imitate the anteriorly expanded resident lab gene expression demonstrated in Fig. 5D ,E. However, lab-LacZ expression in 24B .Ubx embryos (Fig. 5I ) does duplicate the anteriorly expanded lab expression seen in Fig. 5G ,H. An elaboration of the effects of ectopic vms Hox protein accumulation on lab expression follows.
2.6. Signal transduction in the midgut. Ectopic Hox protein regulation of wg, dpp, and midgut morphology Induction of lab in the endoderm by Hox gene products from the vms is accomplished with both dpp (TGF-b) and wg (Wnt) signal transduction pathways (Bienz, 1996) . Therefore, changes in expression of these signal transduction genes in the vms by the ectopic Hox encoded proteins were monitored. Recall that expression of lab in the endoderm is repressed by high wg expression generated in ps8±9 by abd-A expression. Whereas, normal lab expression requires low levels of Wg, and is probably responsible for the anteriorly reducing gradient in Lab accumulation seen in Fig. 5B (Bienz, 1996) . We stained embryos with antisera against Wg and saw no changes in wg expression associated with our ectopic Hox experiments (data not shown).
The regulation of dpp by ectopic Hox proteins in the vms was monitored with the P{w 1mC dpp
RD2
::LacZ} reporter (henceforth called dpp-LacZ). This construct utilizes the dpp vms enhancer to drive b-galactosidase accumulation and mimics the normal expression of the native gene in this tissue (Hursh et al., 1993) . The results of these experiments are shown in Fig. 6 . The wild-type dpp expression pattern is exempli®ed in the 24B .Lab embryos shown in Fig. 6A,B . We see dpp-LacZ expression in the gc primordia at ps3 (arrow), which is just posterior to the presumptive proventriculus at ps2 (large arrowhead). The principle domain of expression is in ps7 of the midgut vms (the future second chamber of the gut). There is also some expression at the ps9±10 boundary (small arrowhead) which is the future site of the third midgut constriction (Fig. 6B) . Midgut morphology is normal in 24B .Lab embryos, showing normal midgut constrictions and gastric caecae development (data not shown).
24B .Pb embryos exhibit ectopic dpp-LacZ expression in ps6 and sometimes ps5, reduced development of the gc, a subtle thickening of the midgut vms, and a slightly enlarged ®rst midgut chamber (not shown). 24B .Dfd animals show a slight anterior and posterior expansion of the dpp-LacZ expression in the midgut along with reduced gc development at ps3 (data not shown). 24B .Scr produces ectopic dpp-LacZ expression in ps2, sometimes ps5, and a reduction of the normal ps9±10 expression (Fig. 6C,D) . Ectopic staining is visible at stage 14 and persists through stage 16 in the developing proventriculus (large arrowheads; Fig. 6C,D) . Midgut morphology is altered with reduced gastric caecae (gc) at ps3 and occasionally a reduced ®rst constriction (ps5±6). Polyps that resemble ectopic gc primordia appear to form on the second midgut chamber (Fig. 6D, arrows) , but fail to develop further. Interestingly, this region of the midgut (ps7 and ps8) exhibits native Dpp and Wg accumulation similar to ps3 and ps2, respectively; where the native gc develop with an inductive in¯uence from Scr in ps4 .
24B .Antp produces a more extensive expansion of dpp-LacZ expression than the induced ectopic expression of lab in the endoderm. Speci®cally, LacZ accumulation is detected in an expanded domain from ps3 through ps9 (Fig.  6E,F) . Hence, the dpp-LacZ expands in both directions beyond the normal ps7 domain. Notice the absence of dpp-LacZ staining in a gap at ps4. Recall that 24B .Antp expression induces ectopic Lab accumulation anterior to ps7, but not posteriorly, but also shows a gap at ps4 (Fig. 5D,E) . Our results demonstrating that 24B .Antp induces dpp-LacZ in the vms, con¯icts with previous reports; however, the reproduction of the lab expansion in the underlying endoderm suggest that this result is authentic. Jaffe et al. (1997) found that ectopic expression of Antp produced by heat shock had no effect on the expression of dpp. The difference between the studies is likely due to secondary effects caused by the heat shock response (see Section 3). Morphologically, 24B .Antp shows an anterior shift of the ®rst midgut constriction with reduced gc, a reduction of the ®rst midgut chamber and an enlarged second chamber (Fig. 6F) .
In 24B .Ubx embryos, dpp-LacZ expression is often expanded to include all of ps3±7 of the vms ( Fig. 6G,H ; Capovilla et al., 1993) with minimal expression at ps4. The gc no longer evaginate and the ®rst midgut constriction fails to form properly (Fig. 6H ). Similar to ectopic Antp, 24B .Ubx embryos exhibit expanded dpp-LacZ expression both anteriorly and posteriorly, while the expression of the resident lab gene expands only anteriorly ( Fig. 5G±I ; Tremml and Bienz, 1992) . We also ®nd that the lab-LacZ expression duplicates this ectopic anterior dpp-LacZ expansion but not the posterior aspect (compare Fig. 5I with Fig.  6H ). High levels of wg expression have been shown to repress lab expression in ps8 of the endoderm (Yu et al., 1996) and is the likely cause of the failure of both the resident lab gene and reporter constructs to respond to the posteriorly expanded dpp expression.
Interestingly, the predictions of the phenotypic suppression model are apparently violated in the vms. Recall that phenotypic suppression predicts that, when Hox proteins are co-expressed, the`posterior' gene product should regulate segmental morphology and target genes properly, despite the presence of an`anterior' Hox protein. However, we ®nd altered midgut morphology at ps7 in 24B .Scr animals by the appearance of what appear to be ectopic gc primordia in addition to reduced gc at ps3. Also, 24B .Pb reduces the gc and ®rst midgut chamber. Moreover, all ectopic 24B .Hox accumulation (except Lab) alters expression of the dpp-LacZ reporter from its normal pattern. Since phenotypic suppression is presumably accomplished by the regulation of Hox targets via dominant binding site competition by the`posterior' Hox gene, it would appear that the normal regulation of dpp is being overridden by the expression of anterior Hox proteins rather than dominated by the posterior peptide. Exceptions to posterior prevalence have been reported previously for Hox regulation of dpp expression (Capovilla and Botas, 1998) .
Scr regulation in the visceral mesoderm
The establishment of the posterior ps4 boundary of Scr expression in the vms has not been adequately explained. Expression of dpp sets the anterior vms boundary of Scr as it does in the salivary gland (Henderson et al., 1999) . However at the posterior boundary there is a gap between the Scr and Antp domains in the vms (Fig. 7A arrow; Tremml and Bienz, 1989b) analogous to similar gaps found in the T2 sm ( Fig.  2C ; Roy et al., 1997) and the CNS (Fig. 2C , large arrow- head; Kaufman et al., 1990; Riley et al., 1987) . Previous observations suggest that the Hox genes do not normally regulate Scr in the vms (Pelaz et al., 1993; Tremml and Bienz, 1989b) with the exception of Antp, which is thought to activate Scr inductively Riley et al., 1987) . However, we ®nd that ectopic mesodermal Antp (not shown) and Ubx (Fig. 4F) repress Scr in the vms. Interestingly, Scr is also repressed indirectly, from other tissues, by ectopic Ubx (Miller et al., 2001) and Dpp (Staehling-Hampton and Hoffmann, 1994; . This being the case, it is possible that the posterior boundary of Scr in the vms may be determined by signaling from other tissues. This signal may originate from other cells expressing Ubx and the observed gap could be caused by the segmental register shift of Hox gene expression in the ectoderm/sm relative to the vms (Bate, 1993; Hooper, 1986; Kaufman et al., 1990; Mahaffey et al., 1989; Mahaffey and Kaufman, 1987; Martinez-Arias et al., 1987; Miller et al., 2001) .
In order to test this hypothesis, we monitored Scr expression in Antp   25 and Ubx 1 null mutants. We found that Ubx is indeed responsible for the gap between the Scr and Antp expression domains in the vms since the gap is eliminated in Ubx 1 homozygous mutants (Fig. 7B ). This repression of Scr in the vms must be indirect since Ubx is not expressed in ps4 of the vms. However, Ubx is expressed in ps5 of the epidermis and sm which overlies the position of the gap in the vms of stage 14 embryos. This embryonic Hox expression pattern is shown in wild-type embryos stained for both Scr and Ubx (Fig. 7C) .
Consistent with this hypothesis and our previous result, we found that Antp negatively regulates Scr in the vms of wild-type embryos as demonstrated by the derepression of Scr in ps5 of Antp 25 mutant animals (Fig. 7D arrow) . However, in Antp 25 homozygotes, this scattered ectopic Scr expression in ps5 (the normal Antp domain) is adjacent to the epidermal/sm ps5 Ubx domain (Fig. 7D arrow) . Hence, Ubx expression in overlying tissues is not capable of entirely repressing Scr in ps5 and that the ®nal pattern of Scr accumulation is de®ned by the actions of both Ubx and Antp together.
To further characterize these interactions, we monitored Scr expression in the vms by confocal microscopy in Ubx 1 mutants. Wild-type embryos stained for Scr (green) and Antp (red) show a distinct ps4 gap in the vms as seen in Fig. 8A (lateral view) and Fig. 8B (dorsal view) as previously reported. This ps4 gap is eliminated in all but a single cell in Ubx 1 mutants as seen in Fig. 8C ,D (arrows), in addition to a few nuclei with ectopic Scr accumulation typically found at ps7 (arrowheads in panels C and D of Fig. 8 ).
As noted above, previous reports postulate an inductive interaction between Antp and Scr in the vms (Pelaz et al., 1993; . This seems to contradict our results which indicate that Antp expression actually represses Scr in the vms (Fig. 7D,E) ) . These data also demonstrate that Antp performs a repressive rather than inductive role in maintaining the normal domain of Scr expression in the vms.
Discussion
The goal of this study is to advance our understanding of how the Hox genes determine segmental identity and morphology in the Drosophila melanogaster embryo by both signal transduction and cell autonomous regulation. Our analysis focuses primarily on the mesoderm although, due to the effects of signal transduction, it is necessary to consider other germ layers as well. First we evaluate homeosis in the somatic mesoderm and attempt to categorized these results according to cell autonomous and signal transduction effects. Next, we summarize Hox cross-regulation in the viscera, both cell autonomously and through signal transduction. We utilize the endoderm to monitor target gene regulation by the Hox proteins through signal transduction (speci®cally wg, dpp and lab). Our ®ndings lead us to propose a new component to Hox regulatory hierarchies, autonomic dominance'; and attempt to evaluate this model with regard to determination and morphogenesis.
Homeosis of the embryonic body wall musculature (sm)
There are two distinct processes involved in the development of the body wall musculature: founder cell pattern speci®cation and myoblast recruitment. Muscle pattern speci®cation by founder cells is dictated by genes such as nau and S59 while myoblast recruitment depends on genes such as myoblast city (mbc) (Azpiazu et al., 1996; Baylies et al., 1995; Keller et al., 1997; Michelson, 1994; Misquitta and Paterson, 1999; Paululat et al., 1999; Ranganayakulu et al., 1996; Rushton et al., 1995) . The Hox genes Antp, Ubx and abd-A have been shown to specify a subset of the embryonic muscle patterns Abmayr and Keller, 1998; Bate, 1993; Grieg and Akam, 1993; Hooper, 1986; Michelson, 1994; Roy et al., 1997) . Our data suggest that nearly all the Hox proteins are capable of specifying/altering aspects of the ventral body wall musculature since ectopic mesodermal expression of the encoded proteins produces homeosis in this tissue (Fig. 3) .
The anterior ventral projection (AV) and posterior ventral projection (PV) pattern changes observed here likely re¯ect alterations in founder cell speci®cation (Abmayr and Keller, 1998) . However, some pattern transformations could also be indicative of alterations in apodeme attachments (Volk and VijayRaghavan, 1994; Yarnitzky et al., 1997) . The ventral muscles of the T2 segment are responsive to all of the Hox encoded proteins except Lab, while the metathorax (T3) shows less susceptibility and the A1 segment is only occasionally transformed. Otherwise, our observations indicate that sm segmental identities in the abdomen are governed by the Hox regulatory hierarchies of posterior dominance and phenotypic suppression (i.e. posterior prevalence).
The speci®cation of the ventral T2 muscle pattern by Antp is in¯uenced inductively from the adjacent epidermal layer due to an apparent absence of any Hox gene expression in this mesodermal tissue (Gurdon et al., 1993; Roy et al., 1997) . In fact, Hox gene expression in the entire thorax is patchy and modulated such that only cell clusters exhibit Hox protein accumulation (Carroll et al., 1988; Diederich et al., 1991; Mahaffey et al., 1989) . We checked for Antp and Scr accumulation in the T2 sm, ®nding that there is little or no Hox expression in the ventral sm (Fig. 2C) . This situation provides an opportunity to examine the hierarchial relationship between cell autonomous and inductive speci®cation of segmental identity by the Hox genes. Since the ventral T2 sm is affected by nearly all the Hox genes (Fig. 3) it would appear that cell autonomous determination of segmental identity by these genes is dominant to inductive speci®ca-tion in the mesothorax (T2). This`autonomic dominance' is distinct from other Hox regulatory hierarchies, such as posterior dominance and phenotypic suppression, since it establishes a hierarchial relationship between signal transduction and direct (cell autonomous) Hox gene speci®cation of segmental identity. Moreover, since all of the Hox genes normally expressed anterior to T2 (with the exception of lab) are capable of transforming the inductively speci®ed ventral T2 sm, it would appear that the model of posterior prevalence does not ®t this tissue in this segment.
The redundancy of ectopic Scr and Dfd in transforming the mesothoracic muscle pattern to resemble the prothorax indicates that these proteins may regulate similar target genes in this developmental pathway. This may be a re¯ec-tion of their strong homologies (Scott et al., 1989) resulting in similar binding speci®cities (Appel and Sakonju, 1993; Ekker et al., 1994) . Transformations caused by ectopic Scr, Pb and Dfd in the thorax (Fig. 3 ) may also be due in part, to their ability to compete with the Teashirt protein for targets (Roder et al., 1992) . Additionally, the strong Dfd autoregulatory mechanism may be responsible for its more potent transformation of the thorax (Gonzalez-Reyes et al., 1992; Kuziora and McGinnis, 1988) .
The inability of 24B .Lab to transform the T2 segment may be due in part to its divergent YPWM motif (YKWM for Lab), compared to the other Hox proteins. Hox proteins interact with the extradenticle (exd) encoded protein through the YPWM motif, which affects DNA binding and transcriptional activation (Pinsonneault et al., 1997) . The Lab protein demonstrates a stronger dependence on Exd for DNA binding when compared to the other Hox products (Chan et al., 1997 (Chan et al., , 1994 Mann and Chan, 1996; Pinsonneault et al., 1997; van Dijk and Murre, 1994) . Similarly, ectopic epidermal Lab accumulation produces a weaker transformation in the T2 cuticle compared to the rest of the Hox proteins (unpublished observations).
The co-linear relationship to homeotic penetrance in the thoracic sm by ectopic Hox expression may be related to their relative homologies. For example, we found that the frequency of transformation by these ectopic Hox proteins was representative of their chromosomal organization; namely (Lab,Pb,Dfd,Scr,Antp,Ubx). This ordering is similar to their respective homologies (Kaufman et al., 1990) which is also a re¯ection of their dependence on Exd as a co-factor (above). Interestingly, this same order of penetrance was found to be represented in reverse, when these Hox proteins were used to rescue lab mutant phenotypes in the embryonic CNS (i.e. Lab.Pb.Scr.Antp.Ubx.abd-A.Abd-B) (F. Hirth et al., unpublished observations).
In summary, we followed segmental identity in ectopic Hox protein expression experiments by monitoring ventral muscle development. We found that nearly all the homeotic proteins were capable of transforming the T2 segment in a pattern which is not predicted by previously described hierarchies such as posterior dominance and phenotypic suppression. Since the T2 segment musculature is at least in part inductively regulated by Hox gene expression in ectodermal tissue, we propose`autonomic dominance' as an additional component of the Hox regulatory hierarchy to explain this phenomena; namely, the ability of Hox encoded proteins to cell autonomously override an exogenous signal. A better understanding of signal transduction between germ layers is needed in order to determine the mechanism of autonomic dominance.
Hox cross-regulation and midgut development
During our investigation of Hox cross-regulation in the midgut vms we demonstrated that both Antp and Ubx are responsible for the proper maintenance of the posterior boundary of Scr expression in ps4 (Figs. 7 and 8) . We propose that Ubx represses Scr at this position extrinsically from nearby tissues. The segmental register shift in Hox expression domains found between the epidermis/sm/CNS and vms juxtaposes Ubx expression (ps5) to a position where it can in¯uence Scr expression in the vms (ps4) (Fig. 7C) . Since Ubx activates dpp, which represses Scr in the vms, it seems reasonable to conclude that the interaction we see involves the action of dpp. Hox cross-regulation studies demonstrate that ectodermal Gal4 drivers producing ectopic Ubx repress Scr in the vms while stimulating dppLacZ expression (Miller et al., 2001) . Ubx expression in the sm, which is between the epidermis and vms, may be the tissue that actually contributes the signaling in¯uence demonstrated in this interaction. However, the dpp-LacZ responder only contains the vms regulatory elements (Hursh et al., 1993 ) and does not demonstrate that dpp gene activation was the signaling source in these outer tissues. Interestingly, ectopic expression of Abd-A outside the vms also demonstrates a posterior expansion of Scr expression in the vms, presumably since it represses Ubx there (Miller et al., 2001) . Similarly, Antp repression of Scr in ps5 of the vms appears to be through signaling. Recall that Scr and Antp expression does not entirely ®ll the gap when Ubx expression is removed (Fig. 8C,D) . Additionally, in Antp 25 null mutants, we saw Scr accumulation in cells that normally express Antp (Fig. 7D) in the presence of normal Ubx expression. By counting Scr expressing cells in the vms, we found that Antp represses Scr in this tissue, contrary to previous reports (Pelaz et al., 1993; . Interestingly, ectopic Antp in ectodermal tissues has no effect on ectodermal Scr expression (Miller et al., 2001) . Thus, both Ubx and Antp contribute to de®ne the Scr domain at its posterior vms boundary apparently through signal transduction.
The segmental register shift in Hox gene expression domains between developing germ layers is well documented and appears to be a result of midgut morphogenesis (Miller et al., 2001) . However, functional consequences of that shift have not been previously demonstrated. The regulation of Scr in the vms by Ubx suggests that the segmental register shift is functional and through signal transduction serves to specify the observed segmental register of Hox gene expression. In addition to Hox cross regulation and feedback loops, combined signal transduction pathways contribute to development and morphogenesis of the gastric caecae and midgut constrictions. However, a more thorough time dependent analysis of Hox expression and signaling domains in the embryo is necessary for a complete understanding of how these processes conspire to regulate these speci®c aspect of gut ontogeny.
Scr regulates morphology in the midgut
Scr inductively stimulates growth of the gc in the vms ) but seems to block it cell autonomously (these results). We found evidence for ectopic gc primordia in ps7 of the vms associated with ectopic Scr (Fig.  6) . Interestingly, the presumptive gc primordia at ps7 is generated in the same signaling environment as the native gc in ps3. During normal gc development at ps3 there is observed: wg expression at ps2 and dpp at ps3. In 24B .Scr embryos (Fig. 6D) we ®nd polyps (ectopic gc?) at ps7. The signaling environment for this region of the midgut has dpp at ps7 and wg at ps8. Ectopic expression of Scr does not alter wg expression in ps8 (data not shown) nor dpp expression at ps7 (Fig. 6) . Ectopic Hox expression (including Scr) suppresses complete gc development at ps3 (these results). This suggests that the signaling environment at ps3 may be responsible for development of the gc while Hox proteins block this morphogenesis cell autonomously (autonomic dominance). A complete map of signal transduction gene expression and Hox in¯uences is critical for understanding this morphogenic process as other signaling agonists are likely also involved (Graba et al., 1995; Szuts et al., 1998; Wharton et al., 1999) .
Endodermal differentiation
Ectopic Hox protein expression in the mesoderm can induce lab, lab-LacZ and dpp-LacZ expression in the midgut. Typically, the anterior ectopic endodermal lab expression parallels the observed dpp-LacZ expression pattern in the vms. The lack of ectopic lab expression posterior to ps7 is probably due to the unaltered high levels of wg expression which represses lab (Yu et al., 1996) . Normal lab induction in the endoderm requires wg, dpp and vein (Bienz, 1996; Szuts et al., 1998) ; however, dFos dependent (wg independent) lab transcription can be accomplished with high Dpp levels . Typically, lab induction by dpp, wg and vein is coordinated by sgg (GSK3) which may be responsible for the ps4 gap in lab, lab-LacZ, and dpp-LacZ expression patterns seen in our experiments involving ectopic Antp vms expression (Yu et al., 1996) . Moreover, the lack of expanded lab-LacZ expression (unlike native lab) by 24B .Antp (Fig.  5E,F) indicates the existence of presently unde®ned cisregulatory elements at the lab locus that are not contained in genomic fragments of the identi®ed amg or pmg enhancers. Antp protein may be regulating other in¯uential signaling pathways while the corresponding cis-acting elements are not located in the genomic lab enhancers tested. Antp expression is functionally linked to another TGF-b agonist 60A (glass bottom boat) (Wharton et al., 1999) , as well as Wnt pathway agonist DWnt4 (Graba et al., 1995) . Interestingly, 24B .Pb, Dfd and Scr show altered dpp-LacZ expression in the vms without concomitant ectopic endodermal lab expression (Fig. 5) .
Signal transduction pathway cross-talk is probably involved in the process by which the Hox genes dictate segmental identity. For example, there is a difference in the response of dpp enhancers to 24B .Antp (Gal4 driven) and heat shock driven Antp expression. We found that ectopic 24B .Antp expression regulates vms dppLacZ (Fig. 6E,F) and subsequently, endodermal lab expression (Fig. 5D,E) . Conversely, heat shock driven Antp expression has no effect on dpp expression (Jaffe et al., 1997) . The stress response (heat shock) has been linked to signal transduction by pathway cross-talk from genes such as dorsal (NFkB) and cactus (IkB) as well as through kinases such as c-Jun N-terminal kinases, p38 mitogen-activated protein kinase, protein kinase B and casein kinase 2 (Adachi- Yamada et al., 1999; Downward, 1998; Filhol et al., 1996; Goberdhan and Wilson, 1998; Jaffe et al., 1997; Mercurio and Manning, 1999) . The discrepancy between our 24B .Antp results and the heat shock driven Antp is perhaps due to pathway cross-talk. Despite the fact that Jaffe et al. (1997) found no effect on dpp regulation by prolonged or transient heat shock expression of Antp protein, we cannot rule out the possibility that the accumulation of Antp by Gal4 activation produces signi®cantly higher levels.
Conclusions
Hox gene interactions in the mesoderm are not always consistent with previous governing hierarchies: posterior dominance and phenotypic suppression. In the vms we ®nd that posterior dominance (Hox direct cross-regulation) seems legitimate but may be mediated by signal transduction (Figs. 6 and 7, and Miller et al., 2001) . Phenotypic suppression is violated by morphological changes and target gene regulation (e.g. dpp-LacZ) (Fig. 6 , and Capovilla and Botas, 1998) . In the sm we also ®nd that more anterior Hox genes alter the identity of the ventral T2 segment, but this tissue is largely extrinsically regulated in the absence of direct Hox expression (Fig. 2, and Roy et al., 1997) . In light of this result, we propose autonomic dominance; Hox genes cell-autonomously dominate tissues regulated by signal transduction. The predominant paradigm depends on whether cells are extrinsically or autonomously speci®ed by Hox gene expression. We argue that non-typical homeosis caused by ectopically expressed Hox proteins (i.e. not following the dictates of posterior prevalence) can be taken to indicate inductively speci®ed tissues and hence, confer autonomic dominance. Interestingly, ectopic expression of the Hox proteins also exhibit non-typical homeosis in the chordotonal organs of the PNS and the thoracic cuticle (Heuer and Kaufman, 1992) suggesting that inductive speci®cation and autonomic dominance may not be restricted to the mesoderm. However, Hox regulatory hierarchies seem to be of limited value in other tissues as well (Miller et al., 2001) . The mechanism responsible for autonomic dominance has not been determined in this study; only the correlation between autonomous Hox dominance over inductively speci®ed tissue. Signal transduction pathway cross-talk could be the predominant cause of autonomic dominance phenotypes (homeosis) due to Hox regulation of signaling agonists. These agonists could then contribute to the signaling environment to alter the tissue as these morphogens are potent factors in differentiation. Meanwhile, Hox genes cross-regulate each other cell autonomously and in nearby tissues through signal transduction (Figs. 7 and 8, and Bienz, 1994) . This occurs in a tissue speci®c manner that likely depends on both the signaling environment, transcriptional co-factors, and perhaps any of an estimated 100 target genes for a given Hox protein (Botas and Auwers, 1996) . The signaling environment of any given tissue is dictated primarily by Hox genes, which is critical for maintenance of Hox expression domains and subsequently; differentiation, determination and morpho-genesis. This complex set of intrinsic and extrinsic Hox controls are likely responsible for the means by which Hox genes were genetically identi®ed for their abilities to dominate segmental identities as homeotic selector genes (Lewis, 1978; Kaufman et al., 1979) .
Experimental procedures

Gal4 responder constructs
We utilized the Yeast Gal4 transcriptional activation system in order to ectopically express Hox proteins in Drosophila melanogaster. All Drosophila Hox cDNAs were cloned into the Gal4 responder plasmid pUAST described by (Brand and Perrimon, 1993) . The Hox cDNA's were cloned into the polylinker just downstream from a minimal hsp70 promoter which is activated in the presence of Gal4 due to ®ve upstream Gal4 binding sites. cDNA clones for labial (lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (Scr), Antennapedia (Antp), Ultrabithorax (Ubx) and abdominal-A (abd-A) as well as LacZ were utilized for targeted ectopic expression. The construction of these plasmids are described elsewhere (Miller et al., 2001 ).
LacZ reporters
We utilized ®ve separate¯y lines containing P-element transgenes that express the bacterial b-galactosidase protein (LacZ) in a pattern dictated by an enhancer element inserted in the construct. These reporters contain enhancers from the Drosophila lab and dpp genes that drive expression in the midgut. The ®rst three LacZ reporters utilize lab enhancers (Chouinard and Kaufman, 1991) . The P{w 1mW.hs , 1.2lab::LacZ} reporter consists of the 1.2Kb EcoRI lab anterior midgut enhancer inserted into HZ50 (Hiromi and Gehring, 1987) . The P{w 1mW.hs , 7.6lab::LacZ} reporter contains the 7.6Kb EcoRI lab posterior midgut/dorsal ridge enhancer inserted into HZ50 (ibid). The P{w 1mW.hs , 7.0lab::LacZ} reporter contains 6 Kb of genomic sequences upstream of the promoter (containing the amg enhancer element) in addition to 0.99 Kb of sequences from the lab transcription unit, which encode the N-terminal 252 amino acids of Lab. The fourth LacZ reporter utilized was P{w 1mW.hs , 8.9dpp::LacZ}RD2 (Hursh et al., 1993) , called dpp-LacZ. This dpp-LacZ reporter consists of the 8.9Kb EcoRI dpp visceral mesodermal enhancer inserted into the HZ50 plasmid and mimics the wild-type dpp expression pattern in this tissue. The ®nal LacZ reporter P{w 1mC UAS::N.lac-Z} (gift of Tom Jacobsen and Marc Muskavitch) has a nuclear localization sequence attached to the amino-terminus of the expressed protein.
Gal4 drivers
Targeted ectopic mesodermal expression of the pUAST responder constructs was accomplished by the P{w 1mW.hs GawB}24B¯y line (Brand and Perrimon, 1993) and P{w 1mC GAL4-twi.G}108.4 (Grieg and Akam, 1993) . The 24B Gal4 driver line was generated by P-element transposition of the enhancer detection plasmid pGawB which consists of Gal4 coding sequences downstream of the minimal P-transposase promoter followed by the hsp70 terminator. The twi-Gal4 driver was constructed by inserting the 1.3 Kb twi enhancer with promoter upstream of the Gal4 coding sequences.
Drosophila Gal4 crosses
Flies were cultured at 258C on standard Drosophila media supplemented with baker's yeast. The embryos, larvae and adult progeny which were examined in this study were derived from crossing the homozygous Gal4 driver line with a homozygous pUAST Hox cDNA responder stocks. The nomenclature is as follows: the progeny of a¯y with the genotype P{w 1mW.hs GawB}24B crossed to a¯y with the genotype P{w 1mC UAS::lab} is referred to as 24B .Lab. In all cases, virgin females from the Gal4 driver line were crossed to males of the UAS responder line. As controls, progeny derived from crossing the Gal4 drivers with the UAS-LacZ line are carried throughout the analyses.
Immunological staining and imaging
Immunological staining protocols have been previously described (Gorman and Kaufman, 1995; Miller et al., 2001 ). The antibodies used were anti-Antp hybridoma line 8C11-1 (Heuer and Kaufman, 1992) , anti-Ubx hybridoma line FP3.38 (White and Wilcox, 1984) , anti-Scr (Mahaffey and Kaufman, 1987) , anti-Lab , anti-Pb epitope E9 (Cribbs et al., 1992) , anti-Dfd (Mahaffey et al., 1989) and anti-b3-tubulin (Kimble et al., 1989) . Secondary antibodies used were commercial af®nity-puri®ed polyclonal goat anti-rabbit or anti-mouse serums conjugated to HRP or¯orescent molecules. They were used at a 1:500 dilution (Jackson IR Laboratories) or at a 1:200 dilution (Bio-rad) after being pre-absorbed for 2 h against ®xed embryos. Embryos stained using HRP were mounted in methyl salicylate and examined with a Zeiss Axiophot. Confocal microscopy was performed on a Leica TCS NT.
